We have investigated the electrical and microstructural properties of Se Schottky contacts to n-type Si before and after rapid thermal annealing (RTA) at temperatures in the range of 100200°C for 30 s under N 2 ambient. The forward and reverse leakage currents increased with increasing RTA temperature following which the barrier heights decreased from 0.71 to 0.60 eV before and after annealing at 200°C. With increasing RTA temperature, the crystallization of the Se film proceeded and the film was fully crystallized after being annealed at 200°C without the reaction between Se film and Si substrate. The decrease in the barrier height of Se Schottky contacts to n-type Si with increasing RTA temperature could be associated with the decrease in series resistance caused by the phase transformation from high resistance amorphous Se to low resistance crystalline Se. An investigation of the reverse currentvoltage characteristics of Se/n-type Si Schottky contacts showed that the Schottky emission mechanism dominates the current transport in the reverse bias at all annealed temperatures in the range of 100200°C.
Introduction
Over the past few decades, there has been considerable interest in a class of semiconductor diode of the barrier type, commonly referred to as Schottky diode, because of its typical design as majority carrier rectifiers and protuberant characteristics of an ideal step junction. 14) In particular, the fact that only majority carriers contribute to the rectification process through Schottky barrier implies that the frequency response of the diode is limited only by RC charging or the transit time, rather than by minority carrier lifetime prevailing in conventional p-n diodes. This property makes it particularly suited for high speed switching applications, microwave detection, mixing, harmonic generation and parametric amplification.
58) According to Schottky theory, the barrier height of Schottky contact is equal to the difference between the work function of metal and the electron affinity of semiconductor. In other words, rectifying properties of Schottky contact strongly depend on the work function of metal. Until now, Pt is mostly preferred in the fabrication of Schottky rectifiers because of its high work function (5.65 eV) despite its expensiveness as compared to most metals. 9, 10) However, Se is inexpensive and can be expected to provide far superior device performance as a Schottky electrode, since it has the highest reported work function (5.9 eV) of all the chemical elements. 11) Nevertheless, the attempt for the implementation of Se into Schottky rectifier is extremely limited at this moment. Very recently, Janardhanam et al. 12) fabricated Se/n-type Si Schottky diodes and investigated its electrical characteristics and the carrier transport mechanism at room temperature using currentvoltage (IV) and capacitancevoltage (CV) measurements. They showed that the thermionic emission and Schottky barrier lowering mechanisms dominate the current transport in the forward and reverse biases, respectively. Generally, thermal treatment during the fabrication process of Schottky diodes can give significant effects on the electrical properties such as barrier height, ideality factor, and leakage current, resulting in the modification of the device performance. 13, 14) Therefore, the detailed knowledge of Schottky contacts under annealing process will be helpful in understanding and controlling electrical properties of Schottky diodes. 15) In the present work, in continuation to our previous work, 12) the authors investigated the effect of rapid thermal annealing (RTA) on the electrical and structural properties of Se Schottky contacts to n-type Si. It will be shown that Schottky barrier height of Se/n-type Si Schottky contacts strongly depends on the crystallization behavior of Se films caused by RTA process.
Experimental Details
N-type Si wafers with a resistivity of 110 ³·cm were used as a staring material. Initially, the wafers were cleaned in an ultrasonic bath of acetone and methanol, immersed in a diluted HF solution (H 2 O : HF = 100 : 1) to remove the native oxide, and finally rinsed with de-ionized (DI) water. To form Schottky contacts, 910-nm-thick Se films were thermally evaporated from a stainless-steel effusion cell under a base pressure of 1.3 © 10 ¹4 Pa. The circular Schottky contacts were defined with an area of 300 © 300 µm 2 by lift-off lithography. The samples were rapid thermal annealed at 100, 150 and 200°C for 30 s in flowing N 2 atmosphere. The RTA temperature was limited to 200°C as considering the melting point of Se (221°C). The IV and CV measurements were performed at room temperature using precision semiconductor parameter analyzer (Agilent 4156C) and precision LCR meter (Agilent 4284A), respectively. The microstructural and chemical properties of the Se/n-type Si Schottky contact was investigated by the transmission electron microscopy Figure 1 shows IV characteristics of Se Schottky contacts to n-type Si at different rapid thermal annealing temperatures. The diodes showed rectifying properties, however, with a decrease in the rectification ratio with increase in annealing temperature due to the increase in reverse leakage current. According to thermionic emission theory, the current in Schottky barrier diodes can be expressed as: 16, 17) J
where J 0 is the saturation current, given by
where q: electron charge, V: applied voltage, k: Boltzmann constant, n: ideality factor, A**: Richardson constant (112 Acm ¹2 K ¹2 ), T: temperature, and¯b 0 : barrier height. A plot of ln(J) versus V yields J 0 as the intercept at V = 0 V. Once J 0 is determined, the barrier height (¯b 0 ) can be evaluated using
The ideality factor, which is a dimensionless parameter and a measure of the conformity of the diode to pure thermionic emission, can be determined from the slope of the straight region of the forward bias ln(J)V using
The barrier height and the ideality factor extracted using IV characteristics ( Fig. 1 ) were summarized in Table 1 . It is clear that an increase in RTA temperature leads to an increase in both forward and reverse leakage currents, as shown in Fig. 1 . This indicates that Schottky barrier height of Se/ntype Si Schottky contacts decreased with increasing RTA temperature. For instance, the barrier height of Se Schottky contacts to n-type Si before and after annealing at 200°C was calculated to be 0.71 and 0.60 eV, respectively. Furthermore, the ideality factor of >1 was obtained in each case and degraded with increasing RTA temperature. This implies that the degree of Schottky barrier inhomogeneity at the Se/Si interface increases with increasing annealing temperature, which will be discussed later.
As shown in the Fig. 1 , the forward bias IV characteristics are linear on a semi-logarithmic scale at low forward bias voltages but deviate considerably from linearity due to the effect of series resistance. In particular, the series resistance can hinder an accurate evaluation of the barrier height from the standard ln(I)V plot. For that reason, Norde's method was also used to compare the barrier height of the Se/n-type Si Schottky contact. The method involves a modified Norde function, F(V), being plotted against voltage. The F(V) is given by:
where I(V) is the current obtained from the IV curve. The barrier height of the Se/n-type Si structure can be obtained using the following equation;
where F(V min ), V min and I min are the minimum value of F(V), the corresponding voltage and current, respectively. Figure 2 shows the plot of F(V) versus V for the Se/n-type Si Schottky diodes before and after RTA processes. Similar to the standard IV method, Schottky barrier height determined from Norde's method decreased with increasing RTA temperature, as shown in Table 1 . However, the values of Schottky barrier height obtained from the Norde's method are larger than those obtained from the forward IV method. As considering values of ideality factor of present device being larger than unit, this could be associated with a deviation from the ideal thermionic emission of Se/n-type Si Schottky contact. Generally, Norde's model may not be a suitable method for the rectifying junctions with high ideality factor, which are not compatible with the pure thermionic emission theory. Therefore, there is a discrepancy between barrier heights calculated from Norde's and forward IV methods. The series resistance of Se/n-type Si Schottky diode was evaluated from the forward bias IV data using the method developed by Cheung. 19) The forward bias IV characteristics due to thermionic emission of the Schottky contact with the series resistance can be expressed using Cheung's function, as given by 19, 20) 
A plot of dV/d(lnI) versus I should be linear following equation with the series resistance (R S ) obtained from the slope of eq. (7). Figure 3 shows a plot of dV/d(lnI) versus I of Se/n-type Si Schottky diode with and without RTA processes. The series resistance gradually decreased with increasing RTA temperature, as shown in the Table 1 . For example, the series resistances of Se Schottky contacts to ntype Si before and after annealing at 200°C were calculated to be 22.4 and 12.6 k³, respectively. Such a RTA temperature dependency of series resistance of Se/n-type Si Schottky diode could be associated with the crystallinity evolution of Se film driven by RTA process, as is shown by TEM results in the following. Figure 4 shows the 1/C 2 V plot of the Se/n-type Si Schottky diode before and after RTA processes. The CV relationship for the Schottky diode is given by 16, 17) 1
where C is the capacitance, A is area of Schottky contact, and ¾ S is the permittivity of semiconductor. N D and V bi are the doping concentration of the substrate and the built-in potential, respectively. The x-axis intercept of the plot of 1/C 2 versus V gives V o . The V o is related to V bi by the equation V bi = V o + kT/q. The barrier height from CV characteristics¯( CV) is given by the equation¯( CV) = V bi V n , where V n = (kT/q)ln(N C /N D ), and N C is the density of states in the conduction band edge for Si. From the 1/C 2 V plot, the barrier height was obtained as 0.96 eV for the as-deposited Se/n-type Si Schottky contact whilst as 0.90, 0.79 and 0.74 eV for the Se/n-type Si Schottky contacts rapid-thermalannealed at 100, 150 and 200°C, respectively, as represented in Table 1 . It should be noted that the barrier heights obtained from the CV measurements are much higher than that obtained from the IV measurements. Generally, the underestimation of barrier height from the IV method could be associated with spatial inhomogeneity of barrier height having low and high Schottky barrier height patches at the metal/semiconductor interface. Any spatial variation in the barriers causes the current to flow preferentially through the barrier minima. The capacitance stems from the displacement current, which depends on the mean electric field at the metal/semiconductor interface. Short-wavelength potential fluctuations at the metal/semiconductor interface are screened out at the edge of the space charge region. Consequently, capacitance measurements reflect the mean value of the barrier height. Hence, the barrier height determined from the IV measurement is significantly lower than the weighted arithmetic average of barrier heights extracted from the CV measurement. 21, 22) Figure 5 represents the cross-sectional bright field TEM images taken from the Se/n-type Si Schottky contacts with and without RTA processes. All samples showed fairly uniform surface and interface morphologies. For asdeposited Se/n-type Si Schottky contact, the Se film was partially crystallized. In other words, upper and lower parts of the film were amorphous and polycrystalline phases, respectively. With increasing RTA temperature, the crystallization of the Se film proceeded and the film was fully crystallized after RTA process at 200°C. This indicates that the increase in RTA temperature causes crystallized grains to grow toward the surface of the film. Such a crystallization evolution of Se film driven by RTA process was also confirmed by selected area electron diffraction (SAED) patterns (insets of Fig. 5) . Namely, the SAED patterns Effect of Rapid Thermal Annealing on the Electrical and Structural Properties of Se Schottky Contacts to n-Type Siexhibited diffuse halos corresponding to the amorphous phase along with traces of crystalline material when the RTA temperature increased up to 150°C. In particular, the indexing of SAED pattern (the inset of Fig. 5(d) ) taken from the Se/n-type Si Schottky contact after RTA process at 200°C revealed the presence of pure Se having hexagonal crystal structure. This implies that Se film is not reacted with Si substrate even at RTA temperature of 200°C. The corresponding EDX line profiles coupled with scanning transmission electron microscopy (STEM) Z-contrast image and EDX maps for Se, Si and O atoms also showed that the chemical reaction between Se and Si is negligible (Fig. 6) . It is clear that from the IV characteristics (Fig. 1) , the barrier height of Se/n-type Si Schottky contacts decreased with increasing RTA temperature. Such a RTA temperature dependency of the barrier height can be directly correlated with microstructural change of Se film caused by RTA process. As observed from the TEM results (Fig. 5) , the increase in RTA temperature led to the improvement in crystallinity of the Se film. Namely, high resistance amorphous Se film was transformed into low resistance crystalline Se film driven by RTA process. 2325) This implies that the series resistance of Se/n-type Si Schottky contact decreases with increasing RTA temperature as shown in a plot of dV/d(lnI) versus I (Fig. 3) . Generally, Schottky barrier height is strongly influenced by the series resistance. More specifically, the decrease in series resistance results in the decrease in the barrier height. 26) For example, Bhandari et al. 27) demonstrated that the lowering of Schottky barrier height could be attributed to the reduction of series resistance. Hence, it is concluded that the decrease in the barrier height of Se/n-type Si Schottky contact with increasing RTA temperature could be due to the decrease in the series resistance associated with a crystallization evolution of Se film driven by RTA process. As shown in Fig. 1 , all Se/n-type Si Schottky contacts exhibited the exponential dependence of reverse current (I R ) on applied reverse voltage (V R ), which strongly suggests that PooleFrenkel or Schottky barrier lowering was operative in the Schotty junction. In other word, regardless of RTA temperature, the plot of ln(I R ) versus V R 1/2 ( Fig. 7) for the Se/n-type Si Schottky contacts represents a linear variation, indicating the possibility of the existence of the domination of PooleFrenkel emission and Schottky emission on the reverse current. PooleFrenkel emission refers to electricfield-enhanced thermal emission from a trap state into a continuum of electronic states rather than direct thermionic emission from the metal. 28) In Schottky emission, the carrier absorbs thermal energy and then emitted over the potential barrier at the interface.
29) The reverse current expression for the PooleFrenkel barrier lowering effect is given by:
and the reverse current contributed by Schottky barrier lowering mechanism is given by:
where d represents the depletion width, and ¢ PF and ¢ SC are the PooleFrenkel and Schottky field lowering coefficients, respectively. The theoretical values for ¢ PF and ¢ SC are given by
The , respectively. The experimental values of field lowering coefficient obtained from the slopes of the linear regions of the plot of ln(I R ) as a function of V R 1/2 for the Se/n-type Si Schottky contacts before and after RTA processes are represented in the Table 2 . It is clear that for all Se/n-type Si Schottky contacts, experimentally determined field lowering coefficients were close to the theoretical value of ¢ SC . This suggests that irrespective of RTA temperature, the reverse leakage current of Se/n-type Si Schottky contacts is dominated by the Schottky lowering mechanism, where current conduction in reverse bias occurs through the contact interface rather than from the bulk material.
Conclusions
The electrical and structural properties of Se Schottky contacts to n-type Si were investigated with variation in RTA temperature in the range of 100200°C, using IV and CV measurements combined with TEM examinations. The crystallization of the Se film proceeded with increasing RTA temperature with the Se film being fully crystallized after being annealed at 200°C. However, no reaction was found to occur between Se film and the Si substrate even after annealing at 200°C as confirmed from SAED and STEM-EDX results. The increase in RTA temperature led to the decrease in series resistance of Se/n-type Si Schottky contacts associated with the phase transformation from high resistance amorphous Se to low resistance crystalline Se, which could be responsible for the decrease in barrier height. From an investigation of the current transport mechanism under reverse bias, the Schottky emission mechanism dominates the current flow in Se/n-type Si Schottky contact, regardless of RTA temperature. 
